Objective To assess whether the recent increases in the prevalence of coal workers' pneumoconiosis (CWP) in the USA reflect increased measured exposures over recent decades, and to identify other potential causative factors.
INTRODUCTION
Prior to 1970, dust concentrations in US underground coal mines averaged 6 mg/m 3 , substantially higher than the current federal compliance limit of 2 mg/m 3 . 1 As a result, and as revealed by a number of independent epidemiological surveys, the prevalence of coal workers' pneumoconiosis (CWP) in longer-tenured (eg, 30 or more years) miners exceeded 40% in some geographical areas. 2 This, and the safety issues manifested by the coal mine disaster at Farmington, West Virginia in 1968 led to the enactment of the 1969 Federal Coal Mine Health and Safety Act (1969 Act). The act established the current federal exposure limit for respirable coal mine dust, and created the Coal Workers' Health Surveillance Program (CWHSP) administered by the National Institute for Occupational Safety and Health (NIOSH), among other provisions. 3 The CWHSP is a national worker monitoring program enabling working underground coal miners to obtain free periodic chest x-rays. If certain signs of CWP are seen on their x-ray, the miner is entitled to work in a low dust environment. Data from the CWHSP provide the means to assess national and regional distributions in CWP prevalence, as well as evaluate temporal trends. 3 Following passage of the 1969 Act, the overall CWP prevalence among underground coal miners declined from 11.2% for the period 1970e1974 to 2.0% for 1995e1999. However, since 2000 the prevalence of CWP has increased to 3.3% for 2005e2006. 2 The increasing prevalence of CWP since 2000 has led to enhanced surveillance and epidemiological studies to find explanations for the increasing trend. These studies identified changes in the epidemiology and clinical disease course of pneumoconiosis among coal miners characterised by an increased disease severity, geographical clustering in eastern Kentucky and southwestern Virginia, rapid disease progression and advanced disease in younger miners. 4e7 These findings led NIOSH to intensify CWHSP efforts through the introduction of an enhanced surveillance program. 8 This program sought to increase program participation rates in CWP 'hot What this paper adds < Regional differences in the prevalence of coal workers' pneumoconiosis (CWP) were observed that could not be explained by respirable dust concentrations derived from compliance measurements. < In particular, CWP prevalence in central Appalachia (southern West Virginia, western Virginia and eastern Kentucky) was considerably higher than predicted. < Small mine size and low seam height likely contributed to this excess. < Our findings call for better control of dust produced during rock cutting and enhanced training and resources for safety and health in small mines.
spot' locations by use of a mobile examination unit to obtain radiographs at or near mine sites. The enhanced surveillance combined with the established CWHSP demonstrated that miners in Kentucky, Virginia and West Virginia had radiographic patterns consistent with excessive silica exposure in more recent years, 9 and that miners in mines with fewer than 50 employees are at increased risk of CWP and progressive massive fibrosis (PMF). 10 These findings, that CWP and PMF are more prevalent in small mines and that miners are possibly being exposed to excessive concentrations of crystalline silica, have been further supported by a recent investigation into dust exposures and mining practices in southern West Virginia, eastern Kentucky, southwestern Virginia and elsewhere. 11 Overall, these recent studies have clearly demonstrated that there is a troubling excess of respiratory disease in US coal miners in recent years. However, many questions remain as to what are the most important factors contributing to the recent trends in pneumoconiosis.
In a continued effort to describe and understand the extent and reasons for the current increase in CWP in the USA, we turned to examination of dust exposure data derived from the US Mine Safety and Health Administration's (MSHA's) Standardized Information System (MSIS) in conjunction with the medical data from the CWHSP. The primary objective of this analysis is to assess whether the increases in disease are reflected in increased exposures over recent decades and to examine additional factors of potential importance that have previously gone unreported.
METHODS
Participation in the CWHSP is voluntary. The methods and procedures for data collection were approved by the NIOSH Human Subjects Review Board, and an approved form is signed by each participant. Detailed information describing the characteristics of the surveillance program, including data collection, institutional review board approval and patient consent, have been previously described. 1 3 5 8 Radiograph readings, miner age and tenure, coal type, mine size (ie, the number of underground miners per mine) and mine location data were obtained from the CWHSP, and restricted to radiographs of underground coal miners 16 years of age and older acquired from 1 January 2005 to 31 December 2009. Data on seam height and hours worked per miner per year were obtained from MSIS for the same time period. Inspector-measured coal mine dust concentration data at mine level were obtained from MSIS for the period 1970e2008. Complete information for all variables was required for inclusion of an individual's data into the dataset for analysis. We excluded underground coal miners from MSHA district 1 due to the small number of participants (n¼55) and difference in coal type (anthracite) compared to the other districts in the analysis (bituminous). We also excluded one mine with 17 miners with a reported seam height of 1 inch leaving 12 408 underground coal miners for analysis.
The radiographs were classified by NIOSH B readers for the presence of lung parenchymal abnormalities consistent with pneumoconiosis using the ILO Classification of Radiographs of Pneumoconioses. 12 A final determination of the classification of each radiograph was made using a standardised procedure, requiring agreement between at least two of the readers, as previously described. 3 8 For the present analysis, presence of CWP was defined as an ILO classification of profusion category 1/0 or greater.
The observed CWP prevalence was calculated and stratified by MSHA district. There are 10 MSHA districts distributed regionally across the bituminous coal fields, essentially from Pennsylvania in the north to Alabama in the south, and to Colorado and Utah in the west. Of particular interest are MSHA districts 4e7, comprising southern West Virginia (district 4); western Virginia (5); eastern Kentucky (6); and central Kentucky, North Carolina, South Carolina and Tennessee (7). Predicted CWP prevalence was estimated using the Attfield and Morring exposureeresponse model calculated as follows: (À5.03 + (miner age 3 0.0339)) + (1.74 3 miner tenure 3 coal mine dust at mine level 3 (0.0153 3 medium/low volatile bituminous coal) or (0.0078 3 high volatile bituminous coal in the Appalachian region) or (0.0053 3 high volatile bituminous in the Midwest region) or (0.0031 3 high volatile bituminous in the West region)). 13 The original model used mean job-specific dust levels. In the absence of dust level information specific to all jobs, we estimated dust exposure using the mean mine-specific dust level based on MSHA compliance data. These data reflect the exposures of coal face workers, who are the highest exposed. 
RESULTS
The observed and predicted CWP prevalence among miner participants in the CWHSP are presented in table 1 by age group within MSHA district. Of note, the observed CWP prevalence exceeded that predicted in miners aged 40 years and older in MSHA districts 4e7, while all other districts showed the opposite. Furthermore, high CWP prevalence (2e4-fold higher than predicted) was observed among young miners aged 40e49 years in MSHA districts 4e7 and not in other districts. Figure 1 shows the observed CWP prevalence (black bars) versus the predicted CWP prevalence (grey bars) in underground coal miner participants in the CWHSP stratified by MSHA district for the period 2005e2009. Observed prevalence was significantly higher than predicted in MSHA districts 4e7 and significantly lower than predicted in other districts. Therefore, for the rest of the analyses we aggregated MSHA districts 4e7 (the central Appalachian region) versus other regions.
The overall observed and predicted CWP prevalences were 10.1% and 4.2% in the central Appalachian region (PR 2.4; p<0.001) and 1.6% and 3.6%, respectively in other regions (PR 0.4; p<0.001). When the analysis was restricted to miners with over 20 years of tenure, the same pattern was observed with 14.9% observed prevalence compared to the 5.2% predicted in the central Appalachian region (PR 2.9; p<0.001) in contrast to the other regions where the observed prevalence was 3.4% compared to the 5.4% predicted (PR 0.6; p<0.001). When the analysis was restricted to miners with 20 years or less of tenure, the observed prevalence was 2.7% compared to the 2.8% predicted in central Appalachia (PR 1.0; p¼0.90) in contrast to the other regions where the observed prevalence was 0.6% compared to the predicted 2.6% (PR 0.25; p<0.001).
As shown in table 2, compared to all other regions, central Appalachia had a significantly older workforce (median age 48 (range 19e74) years vs 44 (range 17e74) years; p<0.001) with greater mining tenure (median tenure 25 (range 0e44) years vs 9 (range 0e50) years; p<0.001).
The size of the mine where participating miners worked differed between central Appalachia and the other regions (table 3 ). The former region had a significantly lower proportion of mines with 200 or more employees compared to other 
DISCUSSION
Our findings confirm an elevated prevalence of CWP compared to predicted levels based on age, coal rank and cumulative respirable coal mine dust exposure principally in one area of the USA centred in MSHA districts 4e7 or central Appalachia (mainly southern West Virginia, central and eastern Kentucky, western Virginia and Tennessee).
Epidemiological modelling of CWP prevalence and incidence undertaken on underground coal miners in the USA and elsewhere has shown that the main predictor of CWP is cumulative exposure to respirable coal mine dust. 13 14 Based on this well established observation, we adjusted for cumulative exposure in this analysis using self-reported tenure and MSHA compliance respirable dust concentrations. Therefore, although the median mining tenure differed substantially between MSHA regions, tenure effect was accounted for in our models in terms of cumulative dust exposure estimate (ie, the product of tenure and dust level). Therefore, the disparity between the observed and the expected CWP prevalence cannot be explained by the longer tenure of the miners.
It is important to note, however, that for the present analysis the mine-specific, and not the job-specific, measured level of dust exposure was used due to the lack of job-specific data. However, since most of the dust samples collected for compliance purposes were from high exposure jobs (eg, coal cutting occupations at the face), we would anticipate that these dust exposure data overestimate levels when applied to all miners. Therefore, because our analysis was not restricted to coal face workers, the excess prevalence we report would have been even greater had job-specific dust measurements been used.
Other important effects we included in the model were coal rank and miner age. We included coal rank due to the previously established research demonstrating that the effect of respirable coal mine dust is modified by the rank of the coal to which the miners are exposed. 15 Lastly, age appears to play a role in influencing the prevalence of small opacities reported at the lower profusions of abnormality. 16 This may be due to the effect of ageing on the lung as well smoking. Note that the prediction model was derived from observations made on coal miners around 1970. The age effect may now be overestimated owing to the general reduction in smoking that has taken place. This may account for the apparent lower observed than predicted prevalences reported in MSHA regions outside 4e7, as well as the similar tendency seen in younger age groups. Note also that the excess observed prevalences were seen also in the age-stratified findings shown in table 1. One important factor not considered in this analysis was silica dust exposure. Previous work on British coal miners has demonstrated that high levels of silica (>10% concentration of total dust) poses an unequivocal risk for the development of pneumoconiosis. 17 In particular, findings from a Scottish colliery showed that periodic high excursions of silica due to cutting through stone led to rapid development of pneumoconiosis. 18 In this case, the likely outcome in the miners was silicosis or a mixed dust pneumoconiosis. Consistent with this scenario, we observed in this study that the MSHA districts with excessive CWP had lower coal seam heights than the other districts. Thin seam mining poses particular difficulties because the rock surrounding the coal seam has often to be cut to permit equipment to be employed effectively. Pollock et al 11 noted that MSHA inspectors reported that rock cutting in the central Appalachian region was a common occurrence, and that the mines in this region had the highest percentage of mines with respirable dust containing more than 5% quartz. Additionally, a recent study undertaken on coal miners from Kentucky, Virginia and West Virginia, showed that the proportion of radiographs showing r type opacities, which are typically associated with silica dust exposures, increased in the 1990s and 2000s compared to the 1980s after adjusting for CWP profusion category and miner age. 9 We recently reported that CWP and PMF were more prevalent in miners from mines with fewer than 50 employees than from larger mines after adjustment for age and within-miner correlation. 10 Therefore, we assessed mine size (eg, number of employees in a mine) as a possible factor associated with the higher disease levels in the present study. Here the average number of employees was 72 in the Appalachian MSHA districts compared to 273 elsewhere. This finding is consistent with our previous work, although more extensive research will be required to subscribe a more specific mechanism to the small mine effect we have observed. However, it should be noted that there is an association between increasing CWP and PMF with decreasing mine size independent of region, coal rank, seam height and miner tenure and age. This suggests that the mine size association is robust and not a spurious association or artefact. One plausible mechanism is that smaller mines may have fewer resources to devote to health and safety and prevention than larger mines.
Working hours in coal mining have been increased from about 1800 h per individual per year in the early 1980s to about 2400 h in 2008. 19 Working longer hours likely leads to the inhalation of more dust into the lungs. For example, working 12 h leads to 50% more dust entering the lungs compared to a regular 8 h shift, assuming all other factors are equal (eg, exposure concentration and breathing rates). Additionally, the longer work shift reduces the time available between work shifts for the process of clearing dust deposited in the lungs. We did not find a significant difference in the annual number of hours worked between miners in the central Appalachian region compared to miners in other regions. Therefore, based upon this analysis, working longer hours does not explain the elevated CWP prevalence in this region.
The median dust concentration from the MSHA compliance program for the districts in the central Appalachian region for 2005e2009 ranged between 0.55 and 0.80 mg/m 3 . We extrapolated what level of dust exposure would be required to give rise to the prevalence of CWP currently observed in the CWHSP. The reported dust concentrations, for equal tenure, age and coal rank, would have to have been on average fourfold higher to make the Coal predicted prevalences comparable with those actually observed. We are unable to determine whether this is due to underreporting of exposure or other factors such as overexposure to silica dust. However, it is plausible that multiple factors are simultaneously influencing the increased prevalence of CWP in the central Appalachian region. An increase in the prevalence of CWP has been observed in recent years for British coal miners. 20 Here, the prevalence of ILO profusion category 1/0 or greater increased from 0.2% for 1994e1997 to 0.8% in 1998e2000. Possible explanations given for this rise were an increase in hours worked and differences in age. However, the authors also indicated that other (unspecified) factors may have been at work. They noted that revised dust limits would take account of the findings.
The validity of any analysis is contingent upon the quality of the data being used. For the present analysis we used selfreported tenure in mining to derive the cumulative exposures. Because this information depends on memory recall, it may not be entirely reliable. However, past epidemiological studies of exposureeresponse relationships for CWP used similar information and identified clear trends in prevalence with increasing dust exposures. We used MSHA compliance dust concentration data. It is important to note as a limitation that the validity of these data has been periodically questioned. 11 21 However, if any bias present in the exposure data is systematic and non-differential with respect to MSHA district, the internal associations we present should be unaffected. Lastly, there may be an unmeasured factor responsible affecting prevalence that varies by MSHA district that our models are not accounting for, for example, use of personal protective equipment.
To conclude, the observed prevalence of CWP substantially exceeded predicted levels in central Appalachia. However, the increased prevalence was not explained by the measured levels of dust exposures, reported tenure, age or coal rank. Coal seam height and mine size were likely factors contributing to this observation. While further study is needed to characterise the factors responsible for elevated CWP rates, the results point to a need for greater vigilance in controlling coal mine dust, especially that which arises from rock cutting, and for better training and resources for safety and health in small mines.
